. In this study, we aimed to elucidate the mechanism by which flagella contribute to L. monocytogenes invasion. To examine the role of flagella as adhesins, invasion and adhesion assays were performed with flagellated motile and nonmotile bacteria and nonflagellated bacteria. We observed that flagellated but nonmotile bacteria do not adhere to or invade human epithelial cells more efficiently than nonflagellated bacteria. These results indicated that flagella do not function as adhesins to enhance the adhesion of L. monocytogenes to targeted host cells. Instead, it appears that motility is important for tissue culture invasion. Furthermore, we tested whether motility contributes to early colonization of the gastrointestinal tract using a competitive index assay in which mice were infected orally with motile and nonmotile bacteria in a 1:1 ratio. Differential bacterial counts demonstrated that motile bacteria outcompete nonmotile bacteria in the colonization of the intestines at early time points postinfection. This difference is also reflected in invasion of the liver 12 h later, suggesting that flagellum-mediated motility enhances L. monocytogenes infectivity soon after bacterial ingestion in vivo.
Listeria monocytogenes is a saprophytic, gram-positive rod, ubiquitously distributed in the environment. It is the etiologic agent of listeriosis, a food-borne disease affecting humans and a variety of vertebrates (26) . Listeriosis occurs primarily in immunocompromised individuals, causing septicemia, meningitis, and meningoencephalitis, and in pregnant women, causing spontaneous abortion. Healthy adults may suffer a febrile gastroenteritis from ingesting large numbers of L. monocytogenes cells (5) . The bacterium's unique ability to withstand and even thrive under a variety of stress conditions generally considered to be food preservatives makes L. monocytogenes of particular concern to food producers, regulatory agencies, handlers, and consumers (20) .
Flagella and flagellum-mediated motility are integral to the virulence of multiple gastrointestinal pathogens (10, 16) . There are three main ways the flagella can contribute to bacterial pathogenesis. The flagellum can serve as a secretion apparatus for virulence factors, similar to a type III secretion system. For example, Yersinia enterolitica secretes a virulence-associated phospholipase A, YlpA, through the flagellar apparatus (28) . Flagella can also serve as adhesins to tether bacteria to host cells much like fimbrial adhesins. For instance, the flagella of enteropathogenic Escherichia coli contribute to bacterial adhesion to epithelial cells in a manner that is independent of motility (7). More intuitively, flagella can function as a motility and chemotactic device targeting bacteria to specific areas of the gastrointestinal tract, as demonstrated for Helicobacter pylori. Colonization of the stomach by H. pylori is dependent on the spatial orientation of motile bacteria within the pH gradient of the gastric mucus (21) . Bacteria do not adhere to the stomach epithelium, instead localizing close to it to avoid being washed away in the lumen. Overall, the roles of flagella in bacterial pathogenesis are diverse, although not necessarily mutually exclusive.
L. monocytogenes produces five to six peritrichous flagella. Motility genes are down regulated at 37°C in vitro, although there is variation from strain to strain (8, 17, 27) . Temperaturedependent regulation of motility and chemotaxis genes can be partially attributed to the negative regulator of motility gene expression, MogR (8) . A mogR deletion mutant is strongly attenuated in mice infected intravenously, although nonmotile mutants are not (27) , suggesting that a mutation in mogR affects more than motility.
Recently, it was reported that flagella contribute to L. monocytogenes adhesion and invasion of human intestinal epithelial Caco-2 cells. Nonmotile mutants lacking either the entire flagellar apparatus (⌬fliF and ⌬fliI) or only the flagellar filament (⌬flaA) and a chemotactic mutant (⌬cheY/A) that constantly tumbles were many fold less adherent and invasive than the parent strains (2, 6) . These results could suggest that the flagellum is used as an adhesin. Alternatively, motility may contribute to cell adhesion and invasion by increasing the probability of bacterium-host cell contact or perhaps by influencing the spatial orientation of bacterial interaction with host cell membranes. In fact, centrifugation of the ⌬flaA and ⌬cheY/A mutants onto host cells only partially complemented their adhesion and invasion defect (6) . It would be advantageous for bacteria to interact head on with host cell mem-branes as internalin A, a major cell surface adhesin of L. monocytogenes, accumulates at the bacterial poles (19) . In addition, the physical force generated by unidirectional movement may enhance host cell uptake, as was shown for intercellular spread of bacteria that use an actin-based mechanism of motility (15) .
An in vivo role for flagella in the pathogenesis of L. monocytogenes has been elusive. The nonflagellated and chemotaxis mutants described above behave similarly to their parent strains when given orally to mice, as determined by bacterial counts from spleens, mesenteric lymph nodes, or intestinal mucosa at 1 and 3 days postinfection or from livers at 3 days postinfection (2, 6, 27) . However, one group reported a significant difference at day 3 postinfection, with the ⌬flaA mutant being recovered in higher numbers than the wild-type strain from the spleens of infected mice (6) . This difference was not observed at day 1 or day 7 postinfection. Overall, these results suggest that flagellum-mediated motility is not important for systemic listeriosis in mice infected per os.
In this study, we aimed to elucidate the mechanism by which flagella contribute to L. monocytogenes invasion of human epithelial cells and the influence of bacterial motility on early colonization of the intestinal tract in mice. Adhesion and invasion assays were performed with flagellated motile and nonmotile bacteria and nonflagellated bacteria. Our results clearly indicate that flagella function as a motility device, but not as adhesins, to enhance L. monocytogenes invasion of epithelial cells. Moreover, we show that nonmotile bacteria do not compete well with motile bacteria for initial colonization of the intestinal tract and early invasion of the liver after oral infection of mice with L. monocytogenes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The L. monocytogenes strains used for this study are listed in Table 1 and were routinely cultured in brain heart infusion broth (BHI) with or without streptomycin (200 g/ml). E. coli DH5-␣ carrying pKSV7 (23) was cultured in Luria-Bertani broth (LB) plus ampicillin (100 g/ml), whereas E. coli SM10 carrying pPL2 (12) was cultured in LB plus chloramphenicol (25 g/ml). L. monocytogenes strains carrying pKSV7 or pPL2 were cultured in BHI plus chloramphenicol (10 g/ml). In preparation for tissue culture assays and flagellar staining, L. monocytogenes was cultured overnight in BHI broth with shaking at 250 rpm at 30°C.
Construction of in-frame deletion mutants. In-frame deletion mutants were generated by site-directed mutagenesis with overlap extension (SOEing) PCR in the 10403S wild-type background strain (Table 1) (9) . Two sets of primers were designed to amplify DNA from regions upstream and downstream of the segment to be deleted and to incorporate restriction sites ( Table 2 ). These two PCR products were used in a SOEing PCR with the outside primers to create a product containing the deletion. This product was digested with BamHI and KpnI, ligated into the shuttle vector pKSV7, and transformed into DH5-␣. Purified plasmids were used to sequence cloned fragments to ensure no additional mutations had occurred. Each construct was electroporated into 10403S to replace the wild-type allele with the deletion by allelic exchange (4). Deletions within the appropriate genes were confirmed by analysis of fragment sizes generated by PCR.
Construction of the motBD23A MotB point mutant. The motB gene was mutated by SOEing PCR, substituting the aspartic acid at position 23 for an alanine. Amplification of the upstream segment was performed from 10403S genomic DNA with the primer pair Marq278 and Marq283 (Table 2 ). Marq278 incorporates a BamHI restriction site, and Marq283 provides the necessary codon change as well as a silent mutation to create a novel HincII restriction site for screening. Amplification of the downstream segment was performed from 10403S genomic DNA with the primer pair Marq282 and Marq279. Marq282 also includes the necessary codon change and the HincII site. Marq279 incorporates a KpnI restriction site. These two amplification products were then used in a SOEing PCR with Marq278 and Marq279. This product was digested with BamHI and KpnI and ligated into the shuttle vector pKSV7 and transformed into DH5-␣. Purified plasmids were used to sequence the cloned fragment to ensure no additional mutations had occurred. The construct was electroporated into 10403S to replace the wild-type motB allele with motBD23A by allelic exchange (4). Mutants were initially screened for loss of motility on motility agar plates. The motB gene from nonmotile mutants was amplified by PCR and digested with HincII to confirm the allelic exchange.
Complementation of the ⌬flaA mutant. The flaA deletion strain was complemented using the site-specific shuttle integration vector pPL2 (12) . The flaA open reading frame (ORF) and promoter region were PCR amplified using forward primer Marq169 and reverse primer Marq170. This PCR product was digested with BamHI and KpnI, ligated into pPL2, and transformed into E. coli SM10, creating HEL-449. This plasmid construct was transferred into L. monocytogenes strain HEL-304 by conjugation. In short, log-phase cultures of HEL-304 and HEL-449 were washed, concentrated Ϸ10-fold, mixed in a ratio of 1:2 in a final volume of 40 l LB, and spotted onto BHI agar plates with oxacillin (8 g/ml) (25) . After a 5-h incubation period at 30°C, plates were washed with 1 ml of LB and 100 l was plated onto BHI agar with streptomycin (200 g/ml) and chloramphenicol (20 g/ml). Colonies were screened for gain of motility on (12) to amplify a 499-bp product, confirming integration of the vector.
Complementation of the motBD23A mutant. The motBD23A mutant strain was complemented by inserting a wild-type copy of the motB gene back into the chromosome by allelic exchange. The wild-type copy of the gene was amplified using forward primer Marq278 and reverse primer Marq279. The PCR product was digested with BamHI and KpnI, ligated into the allelic exchange vector pKSV7, and transformed into DH5-␣. Purified plasmid was used to sequence the cloned fragment to ensure no additional mutations had occurred. The construct was electroporated into HEL-742 for allelic exchange. Successful allelic exchange was confirmed by screening for wild-type motility on motility agar and chloramphenicol sensitivity.
Flagellar staining. Bacteria were stained with crystal violet (11) and viewed by bright-field microscopy with a ϫ60 oil immersion lens. Digital photographs were taken with an Olympus DP70 digital camera.
Western blotting. Bacterial cell surface proteins were extracted by boiling the equivalent of 10 ml of washed bacteria in 200 l of 2ϫ sample buffer (125 mM Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate [SDS], 20% glycerol, 10% ␤-mercaptoethanol) for 5 min. Extracted proteins were resolved on 12% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride using a semidry electroblotting apparatus. The protein blot was reacted with rabbit immune serum to L. monocytogenes flagella (H-AB from Denka Seiken Co., Ltd.) at a 1/100 dilution followed by a goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (24 ng/ml) (Jackson ImmunoResearch Laboratories, Inc.). Enzymatic reactivity was detected with nitroblue tetrazolium (0.33 mg/ml) and 5-bromo-4-chloro-3-indolyl phosphate (0.17 mg/ml).
Motility agar. An LB-0.4% agar plate was stab inoculated from isolated colonies and incubated at room temperature for 36 h. Motility was assessed by the radius of the growth ring.
Adhesion and invasion assays. Caco-2 cells were maintained in Eagle's minimal essential medium plus 20% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 g/ml streptomycin. For some invasion assays, 35-mm tissue culture dishes were seeded with 3 ϫ 10 5 Caco-2 cells in antibiotic-free medium, but for most assays, 24-well tissue culture plates were seeded with 5 ϫ 10 4 Caco-2 cells per well in antibiotic-free medium. Cells were seeded on a 12-mm-diameter glass coverslip treated with type I rat tail collagen (0.1 mg/ml). Cells were incubated for 24 h at 37°C with 5% CO 2 , allowing a semiconfluent monolayer to form. Cells were infected with a multiplicity of infection of approximately 500, and when indicated, one plate was centrifuged at 40 ϫ g for 5 min at 22°C while the other plate remained stationary. Infected cells were then incubated at 37°C with 5% CO 2 and washed with phosphate-buffered saline (PBS) at 30 min postinfection. For adhesion assays, the coverslips were harvested after the PBS washes. For invasion assays, prewarmed medium supplemented with gentamicin (150 g/ml) was added after the washes, and coverslips were harvested at 75 min postinfection after one additional PBS wash. Bacterial counts were determined by transferring each coverslip into a 15-ml conical tube containing 5 ml of sterile water and plating the lysate on LB agar (18) . For each sample, three to five coverslips were used for bacterial counts and one coverslip was stained with DiffQuick. Bacterial counts were also determined for the initial inoculum by plating serial dilutions of the inoculum on LB agar.
Sodium azide assay. Assays performed in the presence of sodium azide (NaN 3 ) were conducted as described for the adhesion assay above, with the following changes. Overnight cultures of bacteria were washed and suspended in antibiotic-free tissue culture medium. NaN 3 was added to a concentration of 20 mM, and the suspension was incubated at room temperature for 5 min. Tissue culture medium on host cells was replaced with 37°C antibiotic-free tissue culture medium with or without 20 mM NaN 3 immediately before infection.
Mouse infections. Competitive index (CI) assays were performed as described with some modifications (1, 14) . Bacteria were grown in BHI with streptomycin at 250 rpm at 30°C to an optical density at 600 nm of approximately 0.4. Bacteria were centrifuged at 3,200 ϫ g at 20°C for15 min, washed once with PBS, pH 7.1, and suspended to a calculated concentration of 1.6 ϫ 10 10 to 7.0 ϫ 10 10 CFU/ml. The two strains being used in the infection were mixed in a 1:1 ratio, and the numbers of CFU were determined by plating serial dilutions onto LB with streptomycin and LB with streptomycin and erythromycin in parallel. Alternatively, the inoculum was plated onto LB plus streptomycin and colonies were individually picked and inoculated onto LB plus streptomycin and erythromycin. Five-to 8-week-old pathogen-free female BALB/c mice (Taconic) were fasted for 2 h before and after gavage. Gavage was performed using a 20-gauge by 1.5 in. animal feeding needle (Popper and Sons, Inc.) with a dose of 4 ϫ 10 9 to 1.75 ϫ 10 10 bacteria in a volume of 250 l. Mice were sacrificed at 4 to 6, 18, or 42 h after gavage. Livers were harvested and homogenized in 0.05% NP-40, streptomycin (200 g/ml), and erythromycin (0.1 g/ml) to induce the erm gene. The entire intestines were removed and cut open longitudinally, and the contents were flushed out using PBS. Intestines were then placed in homogenization buffer supplemented with 0.2 mM EDTA and incubated for up to 1 h at room temperature, and homogenates were plated as described above. Animal protocols were approved by the Cornell University Institutional Animal Care and Use Committee and in accordance with all legal requirements.
Statistical analysis. Percent invasion or adhesion was calculated using invasion or adhesion efficiencies (number of internalized or adherent bacteria divided by total number of bacteria used in infection) normalized to the wild-type strain set to 100% for each experimental repetition. Invasion and adhesion assays were analyzed using a one-way analysis of variance with Bonferroni's multiple comparison test to determine if invasion levels of individual strains were different from the wild type set at 100% or from those of other strains. The mouse competitive index assay was analyzed with a one-sample Student's t test (one tailed) using log-transformed competitive indexes to determine if the indexes were significantly less than 1.
RESULTS

Construction and characterization of motility mutants.
To assess the role of flagella and flagellum-mediated motility in L. monocytogenes infection of host cells, an in-frame deletion was made in flaA, the gene encoding flagellin, the monomer that makes up the long helical flagellar filament. This strain is denoted as the ⌬flaA mutant. Motility phenotypes were confirmed by inoculation into motility agar and observation of wet mounts. As predicted, the ⌬flaA mutant was nonmotile by wet mount and produced a compact colony on motility agar plates (Fig. 1A) . The wild-type strain (10403S) was motile and produced a colony with a large growth radius (Fig. 1A) . Bacteria were stained with crystal violet to visualize the flagella. Flagella were not visible at the surface of the ⌬flaA mutant, but were detectable at the surface of the wild-type strain (Fig. 1B) . SDS-extractable bacterial surface proteins were examined by Western immunoblotting using an antibody to L. monocytogenes flagella. As expected, flagellin was detected from the wild-type strain but not from ⌬flaA (Fig. 1C) . Additionally, we constructed a complemented ⌬flaA strain (⌬flaA flaA ϩ ) by inserting the flaA open reading frame into the tRNA Arg site on the chromosome. This complemented strain was flagellated (Fig. 1B) and motile (Fig. 1A) .
To directly determine if the flagellar filament is used as an adhesin, we needed to construct a flagellated but nonmotile mutant. This was initially attempted by creating an in-frame deletion in motB, a gene encoding one of the flagellar motor proteins, creating the ⌬motB mutant. The ⌬motB mutant was nonmotile by wet mount and motility agar. However, although flagella were detectable at the surface of the ⌬motB mutant, 55% or less of the bacteria were flagellated and flagellated bacteria appeared to carry fewer flagella than wild-type bacteria when examined by crystal violet staining. Additionally, by Western immunoblotting, the ⌬motB mutant appeared to have considerably less flagellin than the wild-type strain. We rationalized that MotB is structurally important for assembly of the flagellar apparatus and therefore created a different mutant preserving the MotB structure. This mutant, the motBD23A strain, contains an alanine in position 23 of the MotB open reading frame instead of an aspartic acid. The corresponding aspartic acid in E. coli has been shown to be essential for torque generation (29) . This mutant was nonmotile by wet mount and motility agar (Fig. 1A) , and fully flagellated by crystal violet staining (Fig. 1B) and Western immunoblotting (Fig. 1C) . The motBD23A mutant is therefore a fully flagellated but nonmotile strain and an ideal tool for addressing the question of flagellar filaments as adhesins. The motBD23A mutant was complemented by inserting the wild-type gene into the chromosome by allelic exchange. The motB ϩ complemented strain was flagellated and motile by wet mount and motility agar (Fig. 1A and B) .
Functional flagella are required for optimal invasion of human intestinal epithelial cells by L. monocytogenes. The human intestinal epithelial cell line Caco-2 was used to evaluate the invasion phenotypes of L. monocytogenes motility mutants. First, as previously shown by other groups, we observed that the ⌬flaA mutant is significantly less invasive than the wild-type strain, but has no defect in intracellular growth and cell-to-cell spread (6, 27) (Table 3 ) (data not shown). Similarly, we confirmed that centrifugation of nonmotile nonflagellated bacteria onto host cells only partially complements the invasion defect, indicating that flagella contribute more to invasion than a mere increase in the probability of bacterium-host cell contact (6) ( Table 3 ). The complemented ⌬flaA flaA ϩ strain did not invade Caco-2 cells to the same level as the wild-type strain, but this difference was not significant (Table 3 ). This incomplete complementation may be caused by the exclusion of the recently described MogR binding promoter region III (22) and the integration of the flaA promoter and ORF sequences at a new location on the chromosome.
Next, to determine whether the flagellar filament per se contributes to the ability of L. monocytogenes to invade epithelial cells independent of motility, we tested the flagellated but nonmotile motBD23A mutant. Results indicate that the flagellated but nonmotile motBD23A strain was as deficient as the nonflagellated nonmotile ⌬flaA strain, suggesting that nonmotile flagella do not contribute to invasion of epithelial cells by L. monocytogenes (Table 3) . Similarly to what we observed for the ⌬flaA strain, centrifugation of the motBD23A strain onto host cells only partially complemented the invasion defect. The motB ϩ complemented strain behaved like the wildtype strain.
The flagellar filament does not improve adhesion of L. monocytogenes to cultured human intestinal epithelial cells. Adhesion assays were performed with the ⌬flaA and motBD23A mutants to determine whether the flagellar filament contributes independently of motility to the ability of L. monocytogenes to adhere to epithelial cells. Semiconfluent monolayers of Caco-2 cells were infected for 30 min and washed before determination of counts of cell-associated bacteria. Results indicate that flagellated nonmotile and nonflagellated bacteria were significantly deficient in their ability to adhere to Caco-2 cells (Table 3 ). The adhesion rate of the ⌬flaA strain was not significantly different from that of the wild-type strain after centrifugation, whereas that of the motBD23A strain was. Moreover, the levels of adhesion of the ⌬flaA and motBD23A strains were significantly different from each other after centrifugation, indicating that nonmotile flagella interfere with adhesion of L. monocytogenes to epithelial cells. The adhesion rate of the motB ϩ complemented strain was equivalent to that of the wild-type strain.
Alternatively, we used an energy poison to determine whether the flagellar filament contributes independently of motility to the ability of L. monocytogenes to adhere to epithelial cells. Conditions for this experiment were optimized by incubating bacteria for 5 min in various concentrations of the ATPase inhibitor NaN 3 and checking for motility by wet mount. At 20 mM NaN 3 , very few bacteria remained motile. This concentration of NaN 3 was nonlethal to L. monocytogenes within the time frame of the assay as determined by bacterial a Values represent percentages of wild-type adhesion or invasion Ϯ standard deviation. Absolute adhesion levels for the wild-type strain were 9.39 ϫ 10 Ϫ4 Ϯ 1.69 ϫ 10 Ϫ4 and 3.58 ϫ 10 Ϫ3 Ϯ 8.72 ϫ 10 Ϫ4 without and with centrifugation, respectively. Absolute invasion levels for the wild-type strain were 2.67 ϫ 10 Ϫ4 Ϯ 1.62 ϫ 10 Ϫ4 and 1.78 ϫ 10 Ϫ3 Ϯ 1.38 ϫ 10 Ϫ3 without and with centrifugation, respectively. P values (*, Ͻ 0.01; **, Ͻ 0.001) are shown for comparison by one-way analysis of variance with Bonferroni's multiple comparison test of adhesion and invasion capabilities between a respective strain and the wild-type strain. In parentheses are the P values for comparison of the following pairs of strains: ⌬flaA and motBD23A mutants without centrifugation, ⌬flaA and motBD23A mutants with centrifugation, wild-type and motBD23A mutant treated with NaN 3 , and the motBD23A mutant not treated and treated with NaN 3 . The absence of an asterisk indicates a nonsignificant P value. ND, not determined 6678 O'NEIL AND MARQUIS INFECT. IMMUN.
on February 21, 2013 by PENN STATE UNIV http://iai.asm.org/ counts before and after a 30-min treatment. The adhesion assay consisted of comparing motile wild-type bacteria to NaN 3 -treated nonmotile wild-type bacteria. As a control for the effect of NaN 3 on bacterial adhesion, we tested the adhesion levels of flagellated but nonmotile motBD23A bacteria with NaN 3 present. The addition of NaN 3 brought wild-type adhesion levels down to the levels observed with the motBD23A mutant (Table 3) . Adhesion levels of NaN 3 -treated wild-type and motBD23A strains as well as those of untreated and treated motBD23A mutants to host cells were not significantly different from each other. Together, these data show that the presence of nonmotile flagella is not beneficial for L. monocytogenes adhesion to host cells, indicating that the flagellar filament does not function as an adhesin.
Motile bacteria outcompete nonmotile bacteria in initial colonization of the mouse intestines and liver. The previous assays clearly demonstrate that flagellum-mediated motility contributes significantly to the ability of L. monocytogenes to invade epithelial cells. To assess the importance of flagellummediated motility for early colonization of the intestines, a CI assay was performed by orally infecting 5-to 8-week-old female BALB/c mice with a 1:1 mixture of strain DP-L3903, an erythromycin-resistant derivative of 10403S that is fully virulent, and the isogenic ⌬flaA mutant strain. At 4 to 6 h postinfection, the ⌬flaA mutant showed a 2.2-fold decrease in colonization of the mouse intestines (CI of 0.46; P Ͻ 0.001) (Fig.  2A) . However, by 18 h postinfection, this attenuation was no longer detectable. At 18 h postinfection, very few mice had detectable numbers of bacteria in their liver, but the colonization deficiency observed in the intestines was mimicked in the liver of infected mice, with a 4.1-fold decrease in colonization (CI of 0.24; P ϭ 0.011) (Fig. 2B) . This deficiency was no longer present by 42 h postinfection (CI of 0.930) (Fig. 2B) . The ⌬flaA flaA ϩ complemented strain was not deficient in colonization of the intestines or liver compared to the wild-type strain ( Fig. 2A  and B) .
To ensure that the erythromycin resistance cassette did not cause the phenotypes by providing an advantage to DP-L3903, the experiment was also conducted using 10403S and HEL-487, a ⌬flaA strain transduced with the erythromycin cassette from DP-L3903. We observed that the CIs were not influenced by the erythromycin cassette. Overall, these results indicate that flagellum-mediated motility influences L. monocytogenes infectivity in mice at an early time point after oral infection.
DISCUSSION
Flagella and flagellum-mediated motility are integral to the virulence of several gastrointestinal bacterial pathogens (10) . For L. monocytogenes, no link has been made between flagella and virulence, although the flagella are important for efficient invasion of tissue culture cells (2, 6) . In this study, we investigated the mechanism by which flagella influence the ability of L. monocytogenes to invade host cells and the role of flagella in colonizing mice early in infection. Our results clearly indicate that L. monocytogenes flagella do not function as adhesins to enhance bacterial attachment to and invasion of epithelial cells, but rather function as motility devices contributing more to invasion than a mere increase in probability of bacteriumhost cell interaction. Moreover, we show that motile bacteria outcompete nonmotile bacteria for initial colonization of the intestinal tract and liver by L. monocytogenes.
Flagella can function as adhesins, independent of motility, to enhance bacterial invasion of host cells, as shown for enteropathogenic E. coli (7) . For L. monocytogenes, the presence of flagella increases bacterial adherence to host cells (2, 6 ), but it is not known whether the flagellum itself serves as an adhesin. The present study addressed this question directly by comparing the behavior of flagellated motile (wild type), flagellated nonmotile (motBD23A), and nonflagellated (⌬flaA) bacteria, as well as that of flagellated motile (wild type) and nonmotile (wild type treated with NaN 3 ) bacteria. In both instances, the outcome indicated that flagella do not serve as adhesins for attachment of L. monocytogenes to host cells. Moreover, the fact that flagellated nonmotile bacteria (motBD23A) attach to host cells less efficiently than nonflagellated bacteria (⌬flaA) also indicated that nonmotile flagellar filaments interfere with L. monocytogenes adhesion to host cells. This could be due to the nonmotile filaments preventing direct bacterial cell surface interactions with host cell receptors. Similarly, wild-type bacteria attached less efficiently to host cells when motility was Analysis of the efficacy of adhesion relative to that of invasion reveals that flagellum-mediated motility influences L. monocytogenes invasion of epithelial cells to a much larger extent than adhesion. When absolute adhesion and invasion numbers are taken into consideration, the invasion level of the wild-type strain was approximately threefold lower than its adhesion level; however, the invasion levels of ⌬flaA and motBD23A mutants were more than 100-fold lower than adhesion levels. When bacteria were centrifuged onto host cells, the invasion level of the wild-type strain was approximately 2-fold lower than its adhesion level, whereas invasion levels of ⌬flaA and motBD23A mutants were more than 10-fold lower than adhesion levels. These observations suggest that flagellum-mediated motility contributes more to invasion of epithelial cells than a mere increase in the probability of bacteriumhost cell contact. Perhaps flagellum-mediated motility is required for L. monocytogenes to maintain contact with host cells until high-affinity ligand-receptor binding has been established. It is conceivable that the nonmotile mutants are unable to sustain contact with host cells long enough to ensure this type of interaction. It is also possible that the physical force generated by flagellum-mediated motility against the host cell membrane contributes to invasion in a manner similar to intercellular spread of bacteria that use an actin-based mechanism of motility (15) . Consistent with this hypothesis, physical force generated by centrifugation of nonmotile bacteria onto host cells improved invasion, although not to wild-type levels. Moreover, flagellum-mediated motility may be required for proper spatial orientation of bacteria upon attachment to host cells. Nonmotile L. monocytogenes mutants are less defective at invading professional phagocytic cells than epithelial cells (6; and data not shown). Professional phagocytic cells are equipped with cell-surface receptors that recognize common gram-positive surface molecules (24) . The only limitation for L. monocytogenes invasion of professional phagocytes may be the probability of bacterium-host cell interaction, since ligands are distributed evenly on the bacterial surface and ligandreceptor interactions lead to rapid phagocytosis. On the contrary, invasion of epithelial cells by L. monocytogenes requires the presence of specialized invasins at the bacterial surface, which may have a polar distribution, as recently shown for InlA (19) . Efficient engagement of InlA with its receptor, E-cadherin, would require that bacteria interact head on with host cells. The requirement for spatial orientation could also explain why centrifugation of nonmotile L. monocytogenes onto host cells does not rescue the invasion deficiency to the wildtype level (Table 3 ) (6). Overall, it appears that the contribution of flagellum-mediated motility to host cell invasion possibly encompasses mechanisms related to the probability of host cell contact, physical force, and spatial orientation.
The fact that no association has been made between flagellum-mediated motility and in vivo virulence is surprising considering the major invasion defect observed in tissue culture epithelial cells (2, 6, 27) . We rationalized that if flagellummediated motility contributes to infection in vivo, it would be, as for other food-borne pathogens, at the level of intestinal colonization early after oral infection. The ability of the nonmotile mutant (⌬flaA) to colonize the intestines of mice was tested in a competitive assay with the wild-type strain. The competitive index assay is more statistically powerful than comparing bacterial counts between mice because it eliminates mouse-to-mouse variation. Additionally, competitive index experiments can elucidate differences in bacterial fitness due to the added element of competition. In that context, the nonmotile L. monocytogenes strain was deficient (2.2-fold) in colonization of the mouse intestines at 4 to 6 h postinfection. Moreover, this deficiency was reflected in colonization of the liver (4.1-fold) 12 h later, consistent with the liver being directly connected to the intestines through the portal circulation system. These observations were not made in previous studies presumably because colonization of the intestines and liver was not evaluated at these early time points postinfection (2, 6). However, in agreement with these previous studies, differences in colonization of the intestines and liver by motile and nonmotile bacteria were no longer detected at later time points. It has been hypothesized that, in mice, L. monocytogenes invasion occurs through Peyer's patches rather than through the intestinal epithelium as the major L. monocytogenes invasin, InlA, does not bind the mouse E-cadherin (13) . Considering that flagellum-mediated motility is far less important for infection of phagocytic cells than epithelial cells (2; data not shown), its importance for L. monocytogenes virulence is likely to be underestimated in a mouse model. Perhaps, in a susceptible human, the contribution of flagellum-mediated motility on the ability of L. monocytogenes to colonize the intestinal tract would have a greater impact on the outcome of infection.
